A theoretical investigation of factors affecting the gas phase transport of evaporating organic liquids in the unsaturated zone is presented. Estimates of density-dfiven advective gas flow using a simple analytic expression indicate that significant advective gas flow will result from the evaporation of volatile liquids in soils having a high permeability. Numerical simulations using a two-dimensional cylindrical geometry and including the effects of phase partitioning between the solid, gas, water, and organic liquid phases show that mass transfer due to density-dfiven flow may dominate the gas phase transport of some organic chemical vapors in the unsaturated zone.
INTRODUCTION
At many sites in the United States and other countries, groundwater supplies are threatened by contamination from volatile organic compounds (VOC) such as solvents and hydrocarbon fuels. These contaminants may enter the ground as separate phase liquids due to chemical spills, chemical waste burials, or leaking storage tanks.
During the migration of these liquids through the unsaturated zone, a certain amount of the liquid will be retained in the soil by capillary forces. This trapped fraction is known as the residual saturation, and may occupy from about 2-20% of the available pore space [Schwille, 1984] . The fate of this trapped liquid in the unsaturated zone is determined by the degree of evaporation and transport in the gas phase, dissolution and transport in the aqueous phase, and chemical and biological reactions. Although the organic liquid may be trapped in the unsaturated zone above the water table, chemical transport in the gas and aqueous phases may result in contamination of the underlying groundwater.
In locations where the depth to the water table is large, and the amount of infiltration is small, gas phase chemical transport may be the dominant process by which the groundwater becomes contaminated. For example, groundwater beneath waste management facilities at Idaho National Engineering Laboratory is known to be contaminated with organic chemicals including carbon tetrachloride. The depth to the water table at this site is about 177 m. It has been postulated that the groundwater contamination by carbon tetrachloride is due to gas phase transport [Hull, 1988] . ination from residual saturations of VOC in the unsaturated zone, and to interpret the results of soil gas surveys, an understanding of the mechanisms of gas phase chemical transport is necessary. The transport of contaminants in the gas phase may occur due to both advection and diffusion and is influenced by phase partitioning into the water and solid phases. Gas phase advection may result from gas pressure or gas density gradients.
As organic liquids with high vapor pressures and molecular weights evaporate, the density of the gas in contact with the liquid changes with respect to the ambient soil gas. This density contrast results in an advective gas flow, the magnitude of which is dependent on the properties of the evaporating chemical and the porous medium. Under certain conditions, this density-driven gas flow may dominate the transport of contaminants in the gas phase.
Past studies involving porous medium density-driven flow have mainly addressed problems involving systems which are liquid saturated. These studies generally fall into two categories: salt water intrusion in coastal aquifers (see, for example, Bear [1979] ), and thermally driven convection in geothermal systems or near high-level nuclear waste repositories (see, for example, Bejan [ 1984] ). Recently, Tsang and Pruess [1987] conducted a study of thermally driven gas convection near a high-level nuclear waste repository. During the revision of the present paper, the results of a study conducted by Sleep and Sykes [1989] was published. They developed a two-dimensional finite element code to simulate the transport of VOCs in the unsaturated zone and included the effect of density driven flow in the gas phase. Their simulations of trichloroethylene (TCE) transport show the importance of including density-driven gas flow as a transport mechanism in the unsaturated zone. With the exception of the work of Sleep and Sykes [1989] , present unsaturated zone contaminant transport modeling approaches consider gas diffusion to be the only means of contaminant transport in the gas phase [Jury et al., 1983; Swallow and Gschwend, 1983; Abriola, 1984; Baehr, 1984; Abriola and Pinder, 1985a, b; Baehr and Corapcioglu, 1987; Baehr, 1987; Silka, 1988] . In this paper, we direct our attention to the relative importance of evaporation and density-driven flow in gas phase contaminant transport in the vadose zone. ?Calculated using (1). $Calculated using (2).
ESTIMATION OF DENSITY-DRIVEN GAS VELOCITIES
In a natural convection system, fluid flow occurs due to variations in the density of the fluid in the system. These variations in density may be due to either temperature or concentration distributions in the fluid. As an organic liquid evaporates into the gas phase, the saturated vapor concentration may be calculated from the ideal gas law 
where Mai r is the mixture molecular weight of air, and Pt is the total pressure. It should be noted that the mixture molecular weight of air depends on the humidity of the air. Dry air has a mixture molecular weight of 28.97 g/mole, while air saturated with water at a temperature of 25øC and a pressure of one atmosphere has a mixture molecular weight of 28.63 g/mole. The derivation of (2) is based on the assumption that the system obeys Dalton's law. The saturated vapor concentration and resulting total gas densities for several common volatile organic compounds are given in Table 1 . These values were calculated at a temperature of 25øC and a total pressure of one atmosphere. Since the density of air under these conditions is 1.17 kg/m 3, it is clear from Bejan [1984] shows that this expression also applies to the case where fluid density variations are caused by concentration variations in isothermal systems. For gas flow in the unsaturated zone, the ambient fluid is air, so po• = Pair. In the vicinity of an evaporating VOC, the maximum gas density is given by (2). Combining (2) with the ideal gas law for the air density and neglecting any pressure gradients in where Vp is the pore velocity, •b is the porosity, ttg is the gas viscosity, S g is the gas phase saturation, and krg is the gas phase relative permeability. Depending on the molecular weight of the evaporating liquid, the density-driven gas flow may be upward or downward. If M > Mai r, the flow will be downward; if M < Mair, the flow will be upward. In almost all cases, organic liquids have molecular weights which are greater than air so the resulting density-driven flows will usually be downward. The magnitude of the density-driven flow velocity varies linearly 0 with the permeability, and density contrast, pg -Pair.
Values of the pore velocities of several gases listed in Table   1 have been tabulated in Table 2 . These values were calculated for an effective gas phase permeability (kk•g) of 1 x 10 -11 m 2 (•10 darcys), a viscosity of 1.83 x 10-kg/ms, a porosity of 0.4, and a gas saturation of 0.75. It should be emphasized that because (5) and (6) do not account for the effects of diffusion, phase partitioning, transient behavior, or geometrical influences on the density-driven flow velocity, the gas velocity calculated by these equations is an order of magnitude estimate of the maximum density-driven gas velocity. The magnitudes of the pore velocities given in Table 2 show that significant gas flows may occur in systems of high permeability.
In situations where the evaporation of VOCs is influenced by density-driven flow, it is possible to estimate the resulting rate of evaporation due to density-driven flow. If it is assumed that the density-driven gas flow through a region containing residual saturations of a VOC is uniform and vertical, and that the gas is in chemical equilibrium with the evaporating liquid, the rate of evaporation per unit horizontal cross-sectional area E may be calculated by multiplying (7) From (7) it is apparent that the rate of evaporation due to density-driven flow is a linear function of gas permeability and a nonlinear function of the evaporating liquid vapor pressure and molecular weight. As with (5) and (6), (7) does not account for the effects of diffusion, water and solid phase partioning, transient behavior, or geometrical influences, and should be used with caution. PHASE PARTITIONING By assuming that local chemical equilibrium exists between the liquid VOC phase, the gas phase, the water phase, and the solid phase, relationships may be written which give the concentration of a compound in one phase in terms of the concentration in another phase. If it is further assumed that these relationships are linear, then the description of phase partitioning becomes straightforward.
The partitioning between water and gas is commonly described by Henry's law Cg = HCw (8) where Cg 
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This retardation coefficient is analogous to the standard water phase retardation coefficient and is equal to the ratio of the unretarded gas phase velocity to the actual gas phase chemical velocity retarded by aqueous and solid phase partitioning. Table 3 In order to simulate the evaporation of organic liquids and transient density-driven flow, an existing code, TOUGH (Transport Of Unsaturated Groundwater and Heat), was modified. TOUGH, developed by Pruess [1987] , is a threedimensional numerical code for simulating the coupled transport of water, water vapor, air, and heat in porous and fractured media. The nonlinear, coupled, mass and heat balance equations are discretized spatially using the integral finite difference method [Narasimhan and Witherspoon, 1976] . Because of the strong nonlinearity and coupling of the governing equations, a completely simultaneous solution is performed. A detailed technical description of TOUGH may be found in the user's guide [Pruess, 1987] . TOUGH has been verified by comparison with several geothermal reservoir and unsaturated flow solutions [Pruess and Wang, 1984; Pruess, 1987] .
The modified version of TOUGH used in the present application, which will be referred to as TOUGH VOC, simulates the coupled transport of a volatile organic compound (VOC) in the liquid and gas phases, and the transport of air. Both the gas phase and the liquid VOC phase are mobile. An immobile water phase is included, and the VOC is partitioned between the liquid VOC phase, the gas phase, where k is the absolute permeability, krl 3 is the /3 phase relative permeability, tzt• is the/3 phase dynamic viscosity, P t• is the pressure in phase/3, g is the gravitational acceleration vector, and D g is the molecular diffusion coefficient of vapor in air. The second term on the right-hand side of (19) represents binary diffusion and only applies to the gas phase. The total gas phase diffusive mass flux summed over the VOC and air components is zero. Therefore the total gas phase mass flux is the product of the gas phase darcy velocity and the total gas phase density. The gas phase tortuosity r is calculated from the Millington and Quirk
•g
The gas phase is assumed to behave as an ideal gas, and additivity of partial pressures is assumed for air and VOC 
NUMERICAL SIMULATIONS
In order to better understand how evaporation and gas phase transport of VOCs occur in natural systems, a series of two-dimensional radially symmetric simulations were performed. A conceptual diagram of the system to be modeled is shown in Figure 2 . In this figure, a liquid VOC has been released into the subsurface by a spill from a chemical tank car. Similar releases of organic liquids could occur from leaking underground storage tanks, industrial accidents, or the improper disposal of organic liquid wastes. It is assumed that the volume of this spill was large enough so that a significant volume of soil has become contaminated, but not so large that the liquid has migrated down to the water table. Within this contaminated volume of soil, the organic liquid is present at some residual saturation. This system is modeled using the numerical simulator, TOUGH VOC. For the purpose of isolating the importance of certain parameters on the gas phase transport of a VOC, several simplifying assumptions are made. The unsaturated porous medium is assumed to be homogeneous and isotropic and to contain a uniform water saturation and a certain fraction of organic carbon. The system is assumed to be isothermal with no water infiltration from the ground surface. The gas phase relative permeability krg is taken to be Sg 3. This is similar to the gas phase relative permeability function given by Fatt and Klikoff [1959] . The liquid VOC phase is assumed to be immobile (krL -0) as is the water phase. It is assumed that diffusion of the VOC through the water phase is negligible compared to diffusion of the VOC in the gas phase and that the gas phase viscosity is constant, and not a function of composition.
Gas viscosity is, in general, a function of composition. The viscosity of a multicomponent gas may be calculated as a function of composition by using the Lucas corresponding states method [Reid et al., 1987] . Carrying out the calculations for dry air saturated with carbon tetrachloride vapor at 25øC and one atmosphere, we find that the viscosity is 1.72 x 10 -5 kg/ms. Since the viscosity of dry air at this temperature is about 1.83 x 10 -5 kg/ms, the variation of viscosity with composition in this case is fairly small. In cases where the evaporating liquid has a very high vapor pressure, the variation of viscosity with composition could be important. Partitioning of the VOC between the liquid VOC, water, gas, and solid phases is calculated according to local chemical equilibrium.
To illustrate the effect of density-driven gas flow on gas phase transport, two types of two-dimensional (r-z) simulations were performed, one in which transport occurs due to evaporation, diffusion, and density-driven flow, and one in which gravitational effects are suppressed by setting g = 0 in Figure 4b is minimal, and the concentration distributions with and without the density-driven flow are nearly identical. In this case, the use of a standard diffusion model to describe the gas phase transport would be appropriate. Figure 5 shows a series of carbon tetrachloride gas concentration distributions after 1 year for permeabilities of 1 x 10-12 1 x 10-11 and 3 x 10-11 m2 These simulations, which include the effects of density-driven advection, illustrate the effect of permeability on gas phase mass transfer. It should be noted that the actual gas phase permeabilities in these simulations are somewhat lower than the media permeabilities because of the gas phase relative permeability which varies from 0.275 at a gas saturation of 0.65 to 0.422 at a gas saturation of 0.75. permeability for natural systems, it is not uncommon for sand and gravel sediments. This comparison illustrates the dramatic effect that density-driven flow has on the gas phase transport of dense vapors in systems having high permeabilities. The assumption that diffusion alone determines the gas phase transport in this case would result in a misleading prediction of the contaminant transport.
From the preceeding examples, it might appear that the use of a diffusive model to describe the gas transport of VOCs in high-permeability systems is inappropriate. This is not necessarily true because the magnitude of density-driven flow effects depends on the chemical's saturated vapor density, and the degree to which the chemical is partitioned from the gas phase into the water and solid phases (see Tables 2 and 3 ). In Figures 7a and 7b, constant for toluene, there is a strong partitioning of toluene from the gas phase into the water phase, resulting in a reduction of the driving force for density-driven flow.
The rate at which a liquid VOC evaporates from the unsaturated zone strongly depends on the magnitude of the density-driven gas flow velocity. A tabulation of the amount of liquid VOC removed from the unsaturated zone after 1 year of evaporation for the given examples is shown in Table   0 5. In cases where the density-driven flow is considered and the permeability is large, the amount of carbon tetrachloride which has evaporated after 1 year is much larger than in the cases where the density-driven flow is neglected. In particular, when the permeability is 6 x 10 -• m 2, the amount of carbon tetrachloride which has evaporated considering density-driven flow and diffusion in almost 4 times larger than the amount which has evaporated considering only diffusion. For a given compound, this difference decreases with decreasing permeability. The effect of density-driven flow on the rate of toluene evaporation is small, even in the case of large soil permeabilities. The transient gas velocity fields calculated in the simulations are complex functions of gas density gradients, gas phase permeability, diffusion, phase partitioning, and geometry. Within the zone of liquid VOC residual contamination, however, it is possible to make an order of magnitude estimate of the downward velocity using (6). This is possible only if the water table is located far enough below the evaporating liquid so that the gas velocity through the contaminated zone is not strongly affected by the lower boundary, and is primarily vertical. Owing to the assumption of local chemical equilibrium, the concentration of VOC in the gas phase is uniform and constant in regions containing separate phase liquids. This has the effect of reducing the influence of phase partitioning and diffusion on the gas velocity field within the zone. A comparison of estimated and simulated gas velocities in the region containing residual VOC saturations is given in Table 6 . The estimated velocities were calculated using (6), with an assumed gas saturation of 0.65. This gas saturation corresponds to the initial gas saturation in the zone of residual VOC contamination (see Table 4 ). As in the numerical simulations, the gas phase Table 5. relative permeability is taken to be Sg 3. The estimated values show a reasonable agreement with the computed values despite the many simplifying assumptions required by (6).
In Table 7 the estimated and numerically computed amounts of VOC evaporation after 1 year due to densitydriven flow are compared. The estimated amount of VOC evaporation due to density-driven flow was calculated using (7) with an assumed gas saturation of 0.65 and a horizontal cross-sectional area of 50.3 m 2. It is not possible to completely isolate the effect of density-driven flow from the effect of diffusion on the amount of VOC evaporation in the numerical simulations. This is due to the interdependence between diffusion and density-driven flow. However, the amount of VOC evaporation due to density-driven flow in the simulations may be approximated by subtracting the amount of evaporation in the cases considering only diffusion from the amount of evaporation in the cases considering diffusion and density-driven flow (these quantities are tabulated in Table 5 ). The values of the amount of evaporation in the simulation column in Table 7 were calculated in this manner. The estimated and numerically simulated amounts of evaporation due to density-driven flow given in Table 7 are fairly close even though many simplifying assumptions were used in the derivation of (7). From Tables 6 and 7, it appears that the use of simple gas velocity and VOC densitydriven evaporation estimates given by (6) and (7), in conjunction with the gas phase retardation coefficient, given by (14), may provide some insight as to whether or not densitydriven flow is important for a given problem.
CONCLUSIONS
The results of this study indicate that under certain conditions density-driven gas flows in the unsaturated zone will occur during the evaporation of volatile organic liquids. The magnitude of these flows is mainly a function of the organic liquid saturated vapor pressure and molecular weight, the gas phase permeability, and the gas phase retardation coefficient. The potential for density-driven flow in a partially saturated system may be roughly estimated using a form of Darcy's law together with the retardation coefficient for a chemical in the system. Some common contaminants which are likely to be affected by densitydriven flow include tricholorethylene, chloroform, 1,1,1-trichloroethane, methylene chloride, 1,2-dichloroethylene, 1,2-dichloroethane, 1-1-dichloroethane, carbon tetrachloride, Freon 113, and possibly, benzene. Some common contaminants which are not likely to be affected by densitydriven flow include toluene, ethylbenzene, xylenes, chlorobenzene, napthalene, and phenols. In order for this gas flow to be significant, the gas phase permeability (in a homogeneous porous medium) should be at least on the order of 1 x 10 -• m 2 (•10 darcy). The general direction of density-driven flow is downward from the evaporating source toward the water table, and radially outward along the water table.
The rate of evaporation of organic liquids from the unsaturated zone is a strong function of the strength of densitydriven gas flow. The amount of the evaporation due to density-driven flow may be estimated by means of a simple analytic expression.
In this initial study, several simplifying assumptions have been made. It is suggested that future studies include the effect of soil heterogeneity and anisotropy on gas transport. It is likely that large-scale heterogeneities such as fractures, bedding, clay lenses, and buried stream channels will largely control the movement of evaporating vapors.
While the present study focused on single-component organic liquids, many groundwater pollution problems involve multicomponent organic liquids such as gasoline. Although numerical simulators have been developed which can simulate multicomponent effects, these models assume that the velocity field is uncoupled from the multicomponent concentration field. As shown in this paper, this assumption is not always reasonable.
Last, due to the low viscosity of gases, flows may occur in response to very small pressure gradients. An evaluation of the effects of variable pressure boundary conditions on gas phase transport would be of interest. 
